about the pulmonary artery, the coronary venous return was diverted via the vented ventricle, along with the caval return into the reservoir, from which the blood was pumped into the pulmonary artery at controlled flows.
However, certain disadvantages became readily apparent in the "complete right-heart bypass preparation." Two cardiotomies were necessary, one in the outflow tract of the right A'entricle and the other in the right ventricle itself. It was also observed that the dissection necessary for taping the pulmonary artery caused continuous bleeding in the heparinized animal. All of these factors were undesirable in survival studies. Thus, it was decided to abandon this preparation and revert to and modify the "control caval return preparat i o n " ; this also included finding a way to estimate the coronary return.
Methods
The revisions of the technique were concerned mainly with four objectives: (a) sterility, (b) controlling cardiac output in a closed-chest dog, (c) finding a way to discontinue cannulations at the end of the "period of controlled caval return," without having to reopen the chest incision, and (d) devising a method for coronary flow estimation.
Before these criteria were fulfilled, many technical failures were encountered while developing the system described below. Figure 1 outlines the general procedure. The report is concerned with 11 consecutive experiments, two of which are omitted from the series for the following reasons: in one experiment, there was a complete breakdown of sterile technique; in the other, immediately following the period of "controlled caval return," there appeared to have been either a massive atelectasis or an air embolus, for the dog's lungs failed to oxygenate the blood and within 30 minutes this particular dog died. The range of weight in the remaining nine dogs was 12 to 16.5 Kg., with an average weight of 14.8 Kg. and a standard deviation of 1 Kg.
All procedures were carried out under as sterile conditions as possible. Catheters and tubings for blood conduit lines were selected from materials that would withstand heat sterilization.
Dogs were anesthetized with sodium pentobarbital (30 mg./Kg.) and intubated with an endotracheal-cuffed tube. To minimize the number of tubes into and out of the chest cavity, caval drainage was performed by the jugular and femoral veins, after heparinization with 2 mg. of heparin* per Kg. Respirations were maintained during the time that the chest cavity was open by means of a mechanical respirator, using 100 per cent oxygen. The right atrium was cannulated through the atrial appendage with a 22 F. catheter, as illustrated in figure 1 ; also illustrated in this figure is the method used for caval taping. The reservoir was primed directly before the "period of controlled caval return" (PCCR) with 200 to 600 ml. of blood from the femoral artery of a heparinized dog. The tubings associated with the reservoir system were filled completely with sterile saline during the period of setting up the experiment.
The PCCR was commenced by simultaneously removing the clamps on the caval drainage line and starting the Sigmamotor pump. The 4-0 sutures about the cavae were tightened and the stainless steel wires brought out through the fourth interspace and skin. The chest incision was closed, making certain the skin was tightly opposed about the atrial 22 F. cannula. An additional catheter was left in the right pleural cavity and attached to an under-water seal.
The PCCR was arbitrarily set at two hours, at the end of which the level of blood in the reservoir was returned to its original level, and then 50 to 250 ml. of blood was transfused to cover the blood loss and post-PCCR blood sampling. The PCCR was terminated by the following sequence: A quick jerk on the stainless steel wires cut the 4-0 sutures about the cavae, re-establishing caval blood flow to the heart. A similar maneuver removed the cannula from the right atrium and chest cavity, the atrial appendage being sealed off by the self-constricting rubber band (see fig.  1 ). The Sigmamotor pump was then turned oil. Finally, the cannulae in the jugular and femoral veins were removed and the veins ligated, the respirator discontinued, and the Sigmamotor pump calibrated. Calibration of the Sigmamotor pump could also be achieved during the PCCR, simply by clamping the caval-drainage lines and noting the drop in the venous reservoir per interval of time.
The estimated value for the coronary venous re-*Connaught Laboratories, Toronto, Canada. turn was obtained from the formula, ECR (estimated coronaiy return) =4.8354 + 41.055 X log ]o (MABP X HR) -i • i . • J , the derivation of which is described in Part T. The menu arterial blood pressure (MABP) and the heart rate (HR) were simultaneously recorded on a Gilson Medical Electronics Mini-polygraph. A Statham transducer was connected to a nylon catheter, which was introduced 3 to 4 inches into the femoral artery. Values for the MABP and HR were obtained approximately every 10 to 12 minutes throughout the PCCR, and these values, when substituted in above formula, gave several estimates of the ECR. These values for the ECR were then averaged, and the average value for the ECR + CaR (the eaval return = calibrated rate of the Sigmamotor pump) gave a single value, which was used for the estimated cardiac output during the PCCR (see table 2); thus, in Part II of this report cardiac output always means estimated cardiac output = known CaR + ECR. In order to minimize infection, 100 mg. of Terramyein° were injected intramuscularly post PCCR. Survival dogs were sacrificed four to eight days after the operation day (average six days).
Results
The technical maneuvers described of controlling "caval return" or "caval blood flow" in the closed-chest dog were easily performed and worked well. The duration of the interval from the commencement of the PCCR until the chest incision and skin were completely closed was usually 25 to 30 minutes, so the actual time that the PCCR was performed in a closed-chest state was one and one-half hour. The method of discontinuing the cannulations gave rise to no difficulties. The atrial, jugular, 'Courtesy of Pfizer Canada, Montreal, Canada. 
Figure 2
Graph illustrates the values of total peripheral vascular resistance in a.u., which were calculated, at intervals (black dots) throughout the two hours of "controlled caval return." The experiments are arranged in descending order of estimated cardiac outputs from the top of the graph to the bottom, the value for the estimated cardiac output appearing in brackets above each line joining the bla<ck dots. The period of 120 minutes along the abscissa corresponds to the period of "controlled caval return." The TPVR ivas expressed in absolute units (a.u.) = MABP X 1332 _ dynes, sec. rxthnatecl cardiac output ml./sec. cm. 0 and femoral cannulae were removed within three to six minutes post PCCR.
Survival Studies
General data pertaining to the nine experiments are presented in table 1 and results of a typical experiment in table 2. For each succeeding experiment, the rate of the Sigmamotor pump was lowered, so that successively lower values of "caval return" per experiment were obtained, one of the objects being to find out how low the cardiac output had to be before the dogs did not survive. As can be noted from table 1, this value of the cardiac output was surprisingly low. In the animals which survived there was no obvious difference in their behavior as a result of the variation in eaval return from animal to animal. All dogs were awake the night of the operation and up and about the cage either that night or the next day. Dog 8 was somewhat slower waking up than dogs 1 to 7, but still awoke the evening of the day of operation. All surviving dogs were up and about the cages during the interval between the day of operation and the day of sacrifice, although some of the dogs did not eat too well. The one dog which did not survive had, immediately following the PCCR, a Kussmaul type of breathing, which deepened in severity. The animal went steadily downhill, dying early in the evening, 11 Gilmore et al. 12 Levy and Brind 13 having had several bloody stools in the meantime. This dog showed no signs of waking up or moving.
It would appear that the value of the estimated cardiac output, above which value the animals survived, and below which value they died, was rather critical. Also, it would seem that a common feature in all survival dogs was that at two to four hours, or sooner, post POOR, the dogs were showing some signs of regaining consciousness, such as swallowing or moving about on the operating table. In other words, if the dog was going to survive, recovery commenced soon after the PCCR.
Autopsy Findings
One of the questionable features of this preparation was the adequacy and fate of the rubber-band method for sealing the atrium. The survival dogs 1 to 8, inclusive, and also dog 9, showed at autopsy no abnormalities of the pleural cavities, such as pleural effusion (sanguinous, serous, or purulent). This would attest to the fact that the rubber band caused an effective seal after the withdrawal of the 22 F. catheter, indicating its adequacy at least in the ease of the low-pressure system of the right atrium and also that the foreign-body reaction was slight. In five of the eight dogs, the band was still found around the atrial ap-
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pendage, although the tip was definitely necrotic. In the other three dogs, the appendage had sloughed off, and the rubber band was floating freely, either in the pleural space or the pericardial sac; in these dogs, the Avail of the atrium at the base of the appendage appeared to be sealed over completely and as if the appendage had been cut off flush. In dog 1 there was found a small abscess in the area of the superior vena cava, where the 4-0 suture was located. The lungs of all survival dogs appeared grossly normal. The subcutaneous tissues in the area of the chest skin incisions in all dogs showed a watery-type edema, which was unexplainable, unless it was due to the liberal use of the cautery. In dog 9, on gross examination, there was observed a hemorrhagic edema of the entire intestine.
Total Peripheral Vascular Resistance Changes (TPVR)
The preparation described in this report was particularly suited for this aspect, owing to the fact that the cardiac output was known, at least within certain limits.
The TPVR changes are recorded in figures 2 and 3. In spite of the small series, certain trends were discernible. As the caval return output was decreased in each successive ex- figure 4 . Thus, as the caval return was decreased, there appeared to be a range in which there was a stress response, if the increase in TPVR could be interpreted as evidence of this, and it was observed that the estimated cardiac output was quite low before this response pattern became evident.
In experiments 8 and 9, TPVR also increased, but it did not persist throughout the PCCR, and it would seem that, in these two dogs, the peripheral circulation began to fail.
Since the estimated cardiac output values were not obtained after the PCCR, only the blood pressure and heart rate could be recorded. In all the survival dogs, the mean arterial blood pressure rose to the 110 to 125 mm. Hg range and was maintained at these levels until the measurements were discontinued, due to the dogs moving about on the operating table. In the one dog which did not survive, the mean arterial blood pressure rose to 100 mm. Hg 40 minutes post PCCR and then decreased steadily to the 40 mm. Hg level two hours before death.
Discussion
The "control eaval return preparation" (CCRP) with the incorporation of the venous reservoir is, in essence, another variation of the hemorrhagic shock experiment, with four main differences: (a) the reservoir is on the venous side; (b) the reservoir blood is continuously recirculated; (c) there is more surgery, owing to the necessity of a thoracotomy; and (d) the estimated cardiac output values can be determined for the PCCR quite easily.
The fourth point enables observation to be made on the general pattern of the total peripheral vascular resistance during the period of controlled caval return and also over a range of values of constantly controlled caval return. This preparation, therefore, might help to decide what happens to the total peripheral vascular resistance in various degrees of shock, upon which there appears to be some controversy . 4~T Wegria, Rojas, and Wiggers, in 1943, described a CCRP in which the venous return to the heart was self-regulatory and, accordingly, the cardiac output was not kept at constant values. It was also noted that the authors considered the value of the venous return to the heart as equivalent to the cardiac output; the venous return was measured by a stromuhr of the Ludwig type. The cardiac output varied between wide limits in their experiments and, in spite of high arterial blood pressures and adequate cardiac outputs in some animals, an unexpected "fulminant type of shock" developed in all dogs.
Some studies have included values for the cardiac output during hypotensive phases of irreversible shock, but the information on this particular subject appears to be limited. "Wiggers and Middleton 8 state that, in standardized hemorrhagic shock, "during a 90-minute period of 50 mm. Hg, hypotension and a subsequent 45-minute period at 39 mm. Hg, cardiac output and stroke volume were reduced to 29 to 45 per cent of the control flow." The absolute values for the cardiac output during Circulation Research, Volume IX, November 1961 the periods of controlled hypotension for the series of sixteen dogs reported were not tabulated. Lansing and Stevenson 9 state a 75 per cent reduction in cardiac output occurs, as a result of one hour of hemorrhagic hypotension.
In table 3 , cardiac indices are noted for different levels of blood pressure that have been reported by several authors in the literature. This table indicates that there is a fair degree of variation but that, with 30 to 50 mm. Hg of hypotension, the cardiac index varies approximately between 0.4 and 0.7 L./min./Mof body surface.
Studies are in progress to evaluate more critically the cardiac output present in irreversible shock.
Summary Refinements in the technique of performing the "control caval return preparation" were outlined, such as those which enable one to control the caval return in the closed-chest intact dog for an arbitrary period of time, at the end of which atrial cannulation and reestablishment of caval flow were accomplished without re-entry into the chest cavity. These latter two maneuvers were accomplished by using a self-constricting rubber band to seal off the atrium and eyed stainless steel wires to release the sutures about the cavae. Coronary flow was estimated by the previously described regression equation and the value added to the known value for '' caval return'' to give a value which was called the "estimated cardiac output." The experiment was conducted sterilely, in order to study survival. It would appear that dogs in this experiment could withstand a reduction in the "caval return" to as low a value of "estimated cardiac output" as 25 ml./Kg./min. The total peripheral vascular resistance was easily calculated, owing to the fact that a close '' estimate of the cardiac output" was obtainable throughout the period of reduced "caval return." The response in "the total peripheral vascular resistance" (TPVE) was most marked during the two-hour period of reduced "caval return," in the range of estimated cardiac output 20 to 40 ml./Kg./min., when there occurred a progressive increase in the TPVR. Above this range, the TPVR remained relatively unchanged throughout the period of control. Below this range the TPVR rose slightry, then began to fall before the end of the controlled period.
